Significant effort has focused on controlling the deposition of perovskite films to enable uniform films, enabling efficiencies to climb dramatically. However, little attention has been paid to the evolution of thin-film stresses during deposition and the consequent effect on film morphology. While a textured surface topology has potential benefits for light scattering, a smooth surface is desirable to enable the pinhole-free deposition of contact layers. We show that the highly textured morphology made by popular antisolvent conversion methods arises because of in-plane compressive stress experienced during the intermediate phase of film formation where the substrate constrains the film from expandingleading to energy release in the form of wrinkling, resulting in trenches that can be hundreds of nanometers deep with periods of several micrometers. We demonstrate that the extent of wrinkling is correlated with the rate of film conversion and that ultrasmooth films are obtained by slowing the rate of film formation.
M etal halide perovskite solar cells have experienced an
unprecedented rise in efficiency due to their long carrier diffusion lengths, 1 strong optical absorption, 2 and defect tolerance. 3 Additionally, the material has generated great interest in enabling the next generation of low-cost and high-efficiency tandem photovoltaics, 4−7 owing to their solution processability and widely tunable bandgap. 8 Significant progress has been made in improving stability with several promising indicators of potentially achieving commercially viable stability, including passing industry standard International Electrotechnical Commission (IEC) damp heat and thermal cycling tests, 5, 9, 10 as well as thousands of hours of continuous operation. 11−14 Amid the rapid rise in perovskite solar cell efficiency and stability, attention is beginning to turn toward scale-up. 15 To achieve this goal via solution-based deposition, understanding the dynamics of film formation and the resulting surface morphology is critical for high performance. Many studies have focused on improving the morphology of perovskite films in terms of maximizing surface coverage to create pinhole-free films. 16 For example, the addition of dimethyl sulfoxide 17 (DMSO) or N-methyl-2-pyrrolidone 18, 19 (NMP) into the precursor solution enabled complete substrate surface coverage by introducing intermediate perovskite−precursor complexes. When an antisolvent such as toluene, 20 chlorobenzene 21 (CB), or diethyl ether 22 (DEE) is applied to the film by either immersion or dripping, solvent is rapidly extracted, causing supersaturation, crystallization, and uniform surface coverage.
Film surface topology is also of importance during the processing of perovskite devices. A rough or textured surface may enhance light harvesting. Texturing is widely employed in silicon and thin-film solar cells to reduce front-surface reflectance, increase the path length of incident light via scattering as it enters the absorber, and trap weakly absorbed near-bandgap wavelengths that traverse the absorber multiple times. However, a textured surface topology can introduce processing constraints, requiring either thick subsequent layerssuch as carrier-selective contacts when they are solution processed or necessitating conformal processes such as atomic layer deposition, sputtering, and evaporation. 5 Thus, it is often desirable to have a smooth perovskite top surface to enable the deposition of a pinhole-free contact layer with uniform thickness, 23 which is important for minimizing series resistance, maximizing shunt resistance, and having the contact layer act as a protective barrier.
Little consideration has been paid to the evolution of film stress during film formation, which determines surface topography. A highly textured surface has been observed previously in the morphology of as-deposited perovskite films through solution-based processing, 5, 24, 25 often correlated to preparation based on antisolvent-assisted film formation methods. Brand et al. 26 observed a similar morphology in organic photovoltaic (OPV) devices, where excess compressive stress experienced during electrode deposition caused the films to buckle. Buckling and wrinkling describe morphological changessometimes culminating in mechanical failurefrom compressive stress, manifested in the form of blistering, occurring in the case of anisotropic stress, or a wormlike appearance, arising from isotropic compressive stress. 27 Buckling is often associated with device performance failure as it implies film delamination, 28 but Koo et al. 29 observed improved light emission in organic light-emitting diodes when buckling occurred in the substrate on which the emissive film was deposited.
Broadly, differences in morphology depending on spincoating conditions are a result of the intermediate mechanical stress states that develop during processing. 30 Film stress in spin-coated films changes because of effects such as solvent removal, film shrinkage, phase changes with accompanying density changes, and mismatches between the substrate and film coefficients of thermal expansion (CTE) during annealing. Understanding the magnitude and origin of such stressors provides insight into the control of film formation, morphology, and the final film stress state. In this study, we characterized the mechanical stress in perovskite films during progressive stages of fabrication via substrate curvature measurements and we correlated the observed textured film morphology to compressive stress-induced wrinkling. We propose a mechanism for the wrinkling and discuss methods for how it can be controlled to obtain a smooth film morphology.
Analysis of Thin-Film Stress. To study the origins of textured versus smooth morphologies and evaluate whether morphology is an indication of the final film stress state, we focused on the Cs x FA 1−x Pb(Br y I 1−y ) 3 family of perovskites. These have garnered increasing attention because of their greater thermal and environmental stability 5,31−33 and improved resistance to photoinduced phase segregation relative to methylammoniumbased halide perovskites, making the class particularly attractive as the wide-bandgap top cell in tandem applications. 5, 6, 32, 34, 35 Specifically, discussion in the main text will focus on the Cs 0.17 FA 0.83 Pb(Br 0.17 I 0.83 ) 3 composition, with other compositions discussed briefly in the Supporting Information. The morphology of films spin-cast using two different methods is shown in Figure 1 . First, for the antisolvent method, a stoichiometric perovskite solution in a mixed solvent of 4:1 N,N-dimethylformamide (DMF) to dimethyl sulfoxide (DMSO) was deposited onto a substrate and spin-coated, as described previously. 5 During the final seconds of spin-coating, 100 μL of chlorobenzene (CB) was dropped as an antisolvent to wash away excess solvent and initiate perovskite crystallization. This produced a textured surface with 10−20 μm wide ridges and ∼300 nm deep trenches ( Figure 1a ) with a rootmean-square value of height deviation, or R q , of 44.5 nm as measured by atomic force microscopy (AFM) over a 50 × 50 μm 2 area. In contrast, the interdiffusion method involves a twostep spin-coating process. First, CsI and PbI 2 were dissolved in a 9:1 DMF:DMSO solution and spin-coated on a substrate; the samples were then dried at 100°C. Next, formamidinium iodide (FAI) and formamidinium bromide (FABr) dissolved in IPA were spin-cast on top. The final film conversion occurred upon annealing at 150°C. The perovskite surface was markedly smoother with the two-step interdiffusion method, where R q = 35.0 nm and no clear features were observable across the sample (Figure 1b ). Optical microscopy images showed the same trends across the sample, confirming that the textured morphology was consistent throughout the film for the antisolvent method and smooth for the interdiffusion method ( Figure S1 ). Further details of perovskite film fabrication are provided in the Supporting Information.
The surface morphology of perovskite films is a result of evolving film stress during processing. When the precursor solution is initially deposited onto a substrate, the liquid is in a state of zero stress because it can freely move without constraint. Stress is generated in the spin coating process when a crystalline phase nucleates and adheres to the substrate and the film becomes constrained from freely moving. Whether the stress is compressive or tensile in this intermediate stage depends on a number of variables such as the relaxation behavior, viscoelastic creep, and chemical reactions that affect film growth during processing. 26 Lastly, an annealing step is commonly used to remove residual solvent and fully crystallize the perovskite lattice. Isotropic tensile stress may develop inplane after annealing if the film undergoes reordering, because the perovskite has a coefficient of thermal expansion (CTE) measured in the range of 50−160 μK −1 , 9, 36, 37 which is over an order of magnitude greater than that of Si and glass substrates at roughly 2.6−10 μK −1 . 38 Upon cooling after removal from the hot plate, the film tries to shrink more than the substrate, and the substrate constrains the perovskite film from fully shrinking. 39 The formation of this tensile stress has been described previously by Zhao et al. 39 In-plane stresses, which can be tensile or compressive, that develop in a film bonded to a substrate will induce a curvature in the substrate. The curvature will be concave for tensile stresses and convex for compressive stresses and is usually quite minimal because the perovskite film is orders of magnitude thinner than the substrate. Using a laser scanning technique, 40 extremely small curvature values of 0.001 m −1 can be measured. The Stoney equation 41 is used to calculate the film stress, σ f , 
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where E s is the Young's modulus, v s the Poisson's ratio, t s the thickness of the substrate, and t f the thickness of the perovskite film.
Optical micrographs and the measured stress present within the films at three stages of film formation are shown for the antisolvent (Figure 2a ) and interdiffusion ( Figure 2b ) methods.
For the stress measurements, films were fabricated on doubleside polished silicon substrates because the laser scanning technique requires highly reflective substrates to measure curvature. Initially, the uncured perovskite (before applying the antisolvent) was in a state of zero stress because limited bonding had formed with the substrate and a liquid solution is not viscous enough to support stress.
For the films processed with the antisolvent method in Figure 2a , immediately after the chlorobenzene drip at the end of the spin coating, the film exhibited a compressive stress of 21.6 ± 3.0 MPa. In this state, the film appeared highly textured and wrinkled with a wavelength of 20 μm ( Figure S2a ). The antisolvent thus created an intermediate phase that had enough viscosity to support stress. Furthermore, we posit that the compressive stress measured after spin coating explains the wrinkling pattern observed in the film. Both wrinkling and buckling are caused by relaxation and energy release from a compressive stress state. We classify the observed texture as wrinkling rather than buckling because buckling describes film delamination and no delamination is observed, as evidenced by the cross-sectional scanning electron microscopy image in Figure S3 and previous reports of high device performance with textured films. 5 Subsequently, when the films were moved from the spin coater to a hot plate at 60°C for 10 s to further assist perovskite nucleation and remove solvent, the films darkened, indicative of a transition to the perovskite phase, and the compressive stress was reduced to 8.9 ± 5.0 MPa. At that point, solvent left the intermediate phase, resulting in a volume contraction that decreased the magnitude of the compressive stress by ∼10 MPa and a slight relaxation of the wrinkled morphology as seen by the decreased density of wrinkles and a wavelength of 28 μm ( Figure S2b ). Finally, the perovskite films were annealed at 100°C for 30 min to fully remove solvent and crystallize the perovskite. The final film stress state was measured at room temperature and exhibited a tensile stress of 35.7 ± 4.2 MPa. This is likely the result of CTE mismatch between the perovskite and substrate upon cooling from 100°C
to room temperature. 39 The wrinkles nonetheless remained in the final film despite the change in stress state from compression to tension in-plane, indicating that the film surface morphology was largely defined during the initial 60°C anneal.
In contrast, the measured intermediate and final stress values of the film processed using the interdiffusion method are shown in Figure 2b . The Cs x PbI 2 film that is produced after the first spin coating step, where the film was cured at 100°C, exhibited a tensile stress of 29.9 ± 6.7 MPa. This was similar to the value of the final film stress of the antisolvent-derived films after annealing at 100°C. The formamidinium-based cation solution was then spin-cast onto the film in the intermediate stage, and the stress decreased to 1.7 ± 2.7 MPa, possibly because the liquid relaxed the tensile stress by allowing the film to expand. Finally, the film was cured at 150°C in order for the FAI and FABr to fully diffuse and crystallize within the Cs x PbI 2 and form the perovskite. This increased the final perovskite stress to 64.1 ± 8.8 MPa. The larger tensile stress in the final film compared to the antisolvent method can be attributed to the higher annealing temperature, which resulted in a more pronounced effect from the CTE mismatch between the film and substrate. Importantly, the precursor phases and final film remained in biaxial tension at all steps of fabrication, which is consistent with the smooth, featureless morphology observed for all three stages of fabrication shown by the optical micrographs in Figure 2b and explains why no wrinkling was observed because compressive stress is required to observe wrinkling. 27 The measured biaxial tensile stress of 64 MPa is significant because accumulation of stress leads to a driving force for damage processes such as defect growth and cracking 42 and causes film delamination when exceeding the critical fracture energy of a material. 26 Even at values below the critical fracture energy, the driving force generated from internal stress can lead to deformation and changes in microstructure 43 that accelerate degradation when exposed to operational conditions. 44 Because perovskites have previously been characterized to be extremely fragile and susceptible to fracture, 45 the residual stress further contributes to mechanical instability and may explain in part why perovskites are the weakest absorber materials in solar cells. The magnitude of the stress is particularly relevant because the value is almost identical to the tensile strength of many plastic materials, such as poly(methyl methacrylate) and polycarbonate, which fracture at ∼70 MPa of applied stress. 
Letter Understanding Wrinkling and Controlling Film Morphology. By studying the various factors and stages that result in a wrinkled morphology, we can hypothesize about the origin of compressive stress and wrinkling as well as provide guidelines for how to control film morphology. One likely source of this stress is the formation of crystalline intermediates and their eventual conversion into perovskite. Starting with the development of processing methods for MAPbI 3 , intermediate phases have been deliberately introduced during perovskite processing to assist in film formation and facilitate high surface coverage. 17 DMSO is known to complex strongly with lead halides, 46 leading to the use of DMSO-PbI 2 -MAI intermediates by antisolvent treatment, 17, 46 as well as DMSO-PbI 2 intermediates in two-step processes. 47, 48 More complicated crystalline intermediates are known to exist in mixed-cation lead mixedhalide perovskites, 49 although these phases are not as well characterized as their MAPbI 3 analogues. 50 We expect the lowtemperature deposition of any solution containing DMSO to proceed via a crystalline intermediate, which will then convert into perovskite upon the removal of DMSO during annealing. The volume changes that occur during these conversion processes are likely responsible for the development of in-plane compressive stress that leads to the observed wrinkling upon releasing energy. Furthermore, we hypothesize that it is the rate at which the film transitions between the intermediate states that determines the development of stress and the final film morphology. In the following sections, we demonstrate how the formation of compressive stress and the resulting wrinkling is controllable by tuning antisolvent and precursor solvent composition.
To evaluate the hypothesis that film morphology is correlated to film conversion rate, we varied the rate of formation by adjusting the antisolvent employed and the precursor solvent composition. For antisolvents, we compared the commonly used CB to diethyl ether (DEE), which is not miscible with DMSO, and a compressed gas-assisted quenching method, 51 termed here the blow method, which relies on solvent evaporation rather than miscibility. For precursor solvents, we tested DMSO concentrations of 20, 50, and 80 vol % because DMSO has a higher boiling point and forms complexes with the perovskite. We quantified the rate of perovskite formation after antisolvent treatment by monitoring the change in absorbance in a wavelength range where the perovskite absorbs but the precursor does not (500−550 nm). In each case, we spin-coated the perovskite precursor solution and deposited the antisolvent in the usual method before immediately placing the sample in the ultraviolet−visible (UV− vis) spectrometer and continuously monitored the average optical density (OD) every second for at least 60 s at room temperature. The results are plotted in Figure 4 for Cs 0.17 FA 0.83 Pb(Br 0.17 I 0.83 ) 3 perovskite films, where an approximately linear increase in signal was observed in all cases before reaching a plateau for rates that were sufficiently fast. Figure 3b illustrates how films fabricated with DEE as the antisolvent experienced a lower density and larger wavelength of wrinkling in comparison to those formed with CB. The wavelength is extracted based on a fast Fourier transform (FFT) analysis of the optical micrographs, as shown by the inset in the bottom right corner of the images in Figure 3 . Figure 4a shows how it took nearly 40 s longer for the films with DEE as the antisolvent to reach the same optical density compared to those using CB at room temperature. The slower rate of film conversion was expected based on the poor solubility between DMSO and DEE, leading to a slower rate of solvent extraction.
Similarly, the blow method, which has been previously shown to be effective at making mixed cation perovskite films, 35, 51 should have an even slower rate of perovskite formation. Rather than removing precursor solvent from the film with an antisolvent, compressed dry air was blown directly onto the sample during the final stage of spin coating, and thus solvent removal relied solely on evaporation rather than miscibility. We observed a far lower density of wrinkling (Figures 3c and S5 ) and a correspondingly slower rate of film formation. This supports the hypothesis that film morphology and the extent of wrinkling is correlated to the rate of film formation.
Rather than tuning the antisolvent to slow the rate of solvent extraction and consequently slow the rate of film conversion, the concentration of DMSO in the precursor can be increased instead. We fabricated films with 0, 20, 50, and 80% DMSO to DMF, using CB as the antisolvent. Films fabricated with no DMSO, Figure S6a , yielded incomplete surface coverage, likely because of the lack of an intermediate phase. 17 However, films formed with 50 and 80% DMSO showed no signs of wrinkling by either optical microscopy (Figure 3d ) or AFM ( Figure S7 ). As predicted, Figure 4b shows a dramatic change in formation rate depending on DMSO concentration, where successively increasing DMSO from 20% to 50% to 80% has significant rate reductions. We attribute this to the DMSO which has a higher boiling point than DMF remaining in the precursor mixture for a longer period of time. We posit that the excess DMSO residing in the film minimizes the ability of the film to support the development of stress during the intermediate phase formation. On the basis of this hypothesis, if the solvent is not removed and the perovskite film is not formed by heating, the films should ultimately wrinkle if left long enough at room temperature, as discussed in the Supporting Information ( Figure S6d 
Letter accelerate film conversion and amplify wrinkling extent, while antisolvent baths slow the rate of solvent extraction to produce smooth films. Additionally, thickness dependence is discussed ( Figure S14) , showing less wrinkling for thinner films due to a lower film stress.
The onset of wrinkling in perovskite films can be predicted from this kinetic study based on the rate of perovskite formation. Tables 1 and S1 show the extracted rates of formation from the slopes during the initial formation of perovskite films based on antisolvent, solvent, and precursor compositions. In all cases, a correlation was observed between formation rate and final film morphology, where films that form at a rate approximately >2.2 OD/s were observed to have wrinkling, while slower-forming films at a rate <2.2 OD/s were observed to be smooth. We note that the blow method in Figure 4a and 50 and 80% DMSO films in Figure 4b did not reach the same final OD because the films were not fully converted at the end of the 60 s measurement. However, because we are interested in the initial rate of formation, the slope does not depend on the final OD. This result shows the importance of the time spent in the intermediate phase before perovskite conversion and its role in the final morphology of the film.
Varying DMSO concentration offers a simple way of controlling perovskite film morphology without sacrificing performance. We fabricated perovskite solar cells in the inverted p-i-n architecture using nickel oxide as the holetransport layer, Cs 0.17 FA 0.83 Pb(Br 0.17 I 0.83 ) 3 as the perovskite composition, and C 60 and bathocuproine as the electrontransport layers. We compared device performance derived from the standard DMSO concentration of 20% to the 50% DMSO conentration that created smooth films. Both devices reached an efficiency of 15.5% with a 1.02 V V OC (Figure S8 ), demonstrating the efficacy of increasing DMSO concentration to prevent wrinkling while maintaining device performance.
Inf luence of Wrinkling on Light Harvesting. A textured surface morphology is widely employed in solar cells to improve light harvesting. Reducing front-surface reflectance via scattering and increasing the path length within the cell of incident light both require scattering features which have a high aspect ratio and feature size greater than the wavelengths of interest. 52, 53 For example, the pyramidal texture in alkaline-etched monocrystalline silicon solar cells has a pyramid base angle of approximately 50°and micrometer-sized features. 54 In contrast, the wrinkling features have a very low aspect ratio. This is illustrated in Figure  S15 where the AFM image has been plotted with equivalently scaled x, y, and z axes to better visualize the length scale of the wrinkles, which rise a few hundred nanometers over the course of a few micrometers. The wrinkling is insufficient to scatter or trap incident light, leading to the nearly equivalent values of current density in Figure S8 for wrinkled and planar solar cells.
However, the gradual hills and valleys still influence the reflection and transmission profile. As the film thickness is spatially nonuniform in wrinkled cells, the interference fringes present in the reflection spectra of planar cells are dampened. To demonstrate this, we fabricated semitransparent perovskite solar cells in the p-i-n architecture. Briefly, PTAA was spun on top of indium tin oxide (ITO) coated glass to serve as the hole transport layer. The perovskite was deposited via the antisolvent (with DEE) and interdiffusion methods to compare wrinkled and smooth films, respectively. Next, C 60 was evaporated on the perovskite followed by SnO 2 by atomic layer deposition to serve as an electron transport layer and sputter buffer layer as described previously. 5 This enabled the deposition of 80 nm of ITO as the top transparent electrode. Note that conformal vapor processes were employed to fabricate on the wrinkled perovskite morphology. Figure S16 displays the transmittance (T) and 1−reflectance (1−R) of light through perovskite device stacks fabricated with the two different methods. The antisolvent method displayed a flat T and 1−R in comparison to the interdiffusion derived stack. The interdiffusion stack displayed strong minima and maxima in the 1−R profile, which is the result of strong coherent interference. In contrast, the wrinkled antisolvent stack, which possessed large variations in perovskite film thickness with minimum and maximum thicknesses of 400 and 700 nm, led to an averaging of the transmittance. This relieves 
Letter constraints on the top-cell layer thicknesses in tandemsfor which each layer affects the position of the transmittance interference fringes if the perovskite layer is planarand we believe that this is what led to the relatively flat, high silicon EQE spectrum obtained in our 23.6% efficient tandem solar cell published previously. 5 However, we note that the averaged transmission profile can also complicate the optimization of an antireflection coating for tandems, though a transparent scattering layer at the front surface can mitigate this. 55 We have found that when the perovskite film rapidly transitions through intermediate phases induced by supersaturation via an antisolvent, in-plane compressive stress can develop and lead to wrinkling. Slowing the rate at which the film transitions through intermediate phases and ultimately converts to perovskite by increasing the concentration of DMSO or slowing down solvent extraction via a blow gun method can control the extent of wrinkling in mixed cation perovskite films. While the wrinkling effect described here did not have a deleterious effect on device performance because the final film adhered to the substrate and affected only film morphology, a rough surface morphology can impose constraints on subsequent device processing, and in some cases, a smooth top surface is desired over a textured surface for subsequent charge transport layers, passivation treatments, and additional perovskite layers for tandemsespecially when fabricating those layers via solution processes such as blade coating, printing, or spin coating. Solution methods are more effective at covering channels at grain boundaries, which is essential for depositing subsequent barrier films or even subcells, in the case of perovskite−perovskite tandems. 6 A textured top surface may require the use of more conformal coating processes such as evaporation, ALD, sputtering, or spray coating.
While wrinkling relieves film stress in the intermediate phase and determines film surface morphology, we found that the final film stress state is largely determined by the annealing temperature and mismatch in CTE between the perovskite and substrate. Ultimately, the final film stress state is most relevant for device stability because residual stress provides a mechanical driving force for degradation. We found, in agreement with Zhao et al., 39 that the final film is in biaxial tensile stress and is dependent upon the annealing temperature and mismatch in CTE between the substrate and the perovskitenot on the precursor composition, film thickness, DMSO concentration, or antisolvent used. Therefore, future work should focus on evaluating the stability of devices fabricated at either lower temperature or on substrates with higher CTEs such as plastics.
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